Hydroboration of trialkyn-1-yl(organo)silanes with one equivalent and two equivalents of 9-borabicyclo[3.3.1]nonane, 9-BBN afford dialkyn-1-ylsilanes and alkyn-1-ylsilanes, respectively. The alkyn-1-ylsilane derivatives are stable at room temperature and can be store under dry argon for prolong period of time. These compounds are attractive materials for further rearrangements to afford novel 1-silacyclobutene derivatives bearing Si-alkenyl or Si-alkynyl functionalities. The hydroboration reaction is well controlled by the Si-R 1 function, i.e., the starting silanes with R 1 = Ph selectively afford hydroboration of one Si-C≡C bond with one equivalent of 9-BBN, leaving the other two functionalities untouched. Under mild reaction conditions (25°C), the starting silanes with R 1 = Me lead to mixture containing dialkyn-1-ylsilane, alkyn-1-ylsilane and their respective 1-silacyclobutene derivatives. All new compounds are sensitive towards air and moisture and were studied by multinuclear magnetic resonance spectroscopy ( 1 H, 13 C, 11 B, 29 Si NMR) in solution. Cent. Eur. J. Chem. • 9(1) • 2011 • • 126-132 DOI: 10.2478 procedure.
Crystalline 9-borabicyclo[3.3.1]nonane (9-BBN), 3,3-dimethylbutyne, n BuLi in hexane (1.6 m) were commercial products and were used as received. NMR spectra: Varian Inova 300 MHz and 400 MHz spectrometers (23±1°C), all equipped with multinuclear units, using C 6 D 6 solutions, if not mentioned (ca. 10-15 % v/v) in 5 mm tubes. Chemical shifts are given with respect to SiMe 4 [δ 1 H (C 6 D 5 H) = 7.15, δ 13 C (C 6 D 6 ) = 128.0, δ 29 Si = 0 for SiMe 4 with Ξ( 29 Si) = 19.867187 MHz], and δ 11 B = 0 for BF 3 -OEt 2 with Ξ( 11 B) = 32.083971 MHz. 29 Si NMR spectra were recorded using the refocused INEPT pulse sequence with 1 H decoupling [21] [22] [23] [24] , based on 3 J( 29 Si-C=C-1 H) = 25-30 Hz or 2/3 J( 29 Si-Me/Ph) ≈ 7 Hz (after optimisation of the respective refocusing delays).
Preparation of trialkyn-1-ylsilanes 1 and 2.
The silane derivatives 1 and 2 were prepared following the literature procedure. They were purified by fractional distillation (R= n Bu(a)) or recrystallization (R= Ph(b), 4-Me-C 6 H 4 (c)) and their structures were determined by NMR in solution and X-ray structural analysis in the solid state [18].
Hydroboration of trialkyn-1-ylsilanes 1 and 2 using 9-BBN.
A Schlenk tube was charged with a THF solution of silane 1a (0.45 g, 1.57 mmol) and crystals of 9-BBN (0.19 g, 1.56 mmol). The reaction mixture was stirred asterisks representing 1 J( 29 Si, 13 C) and 2 J( 29 Si, 13 C). The satellites close to the parent signal of 7b, marked by arrows (5.9 Hz) may arise due to n J( 29 Si, 13 C) n ≥ 2.
E. Khan, B.Wrackmeyer at room temperature for 12 h. After the reaction was complete, all volatile materials were removed under reduced pressure (≈ 10 -2 Torr) and the oily liquid left was identified as the mixture of silanes 5a and 8a (in the ratio of 8:2, respectively, 1 H NMR). The other silane derivatives (6b,c and 9b,c) were synthesized at high temperature (80 -100°C) using toluene or benzene as the solvent. The reaction period lasted from 10 -30 min.
Compound 7b was prepared in a different way. A solution of alkenylsilane 3b (1.86 g, 5.37 mmol) in hexane (5 mL) was added to freshly prepared 3,3-dimethylbutynyl lithium at -78°C. The reaction mixture was slowly allowed to warm up to room temperature. Further stirring at room temperature for three hours was continued, all volatiles were removed in a vacuum, and solid materials mainly LiCl were separated. The oily product left was identified as 7b ( Fig. 2 ) containing reasonable amount of 12b vide infra. 5a: 1 H NMR (400 MHz): δ = 0.6 (s, 3H, Si-Me), 0.7, 0.9, 1.9 -1.5, 1.9, 2.6 (t, t, m, m, t, 27H, Bu), 1.4, 1.8 -2.1 (m, 14H, 9-BBN), 7.0 (t, 1H, 3 J( 1 H, 1 H) = 7.2 Hz, =CH).
5b: 1 H NMR (400 MHz): δ = 0.4 (s, 3H, Si-Me), 1.2-2.2 (m, 14H, 9-BBN), 6.7 -7.2, 7.5 (m, m, 15H, Ph), 8.0 (s, 1H, 3 J( 29 Si, 1 H) = 18.8 Hz, =CH).
6a: 1 H NMR (400 MHz): δ = 0.7, 0.8, 1.9 -1.5, 2.6 (t, t, m, m, 27H, Bu), 1.4 -2.1 (m, 14H, 9-BBN), 7.2, 7.7 (m, m, 6H, Si-Ph, =CH).
6b: 1 H NMR (400 MHz): δ = 1.2 -1.9 (m, 14H, 9-BBN), 6.6 -7.9 (m, 20H, Si-Ph, Ph), 8.0 (s, 1H, 3 J( 29 Si, 1 H) = 22.1 Hz, =CH).
6c: 1 H NMR (400 MHz): δ = 1.3 -2.0 (m, 14H, 9-BBN), 1.9, 1.9, 2.0, 6.4 -8.2 (s, s, s, m, 27H, Si-Ph, 4-Me-C 6 H 4 , =CH). 4b: proposed, not detected. 7b: 1 H NMR (400 MHz): δ = 0.8 (s, 18H, t Bu), 1.0, 1.6 (t, m, 10H, BEt 2 ), 6.9 -7.7 (m, 11H, Si-Ph, Ph, =CH).
8a: 1 H NMR (400 MHz): δ = 0.6 (s, 3H, Si-Me), 0.7, 0.9, 1.9 -1.5, 2.4 (t, t, m, m, 27H, n Bu), 1.4, 1.8 -2.1 (m, 28H, 9-BBN), 6.9 (t, 2H, 3 J( 1 H, 1 H) = 7.1 Hz, =CH).
8b: 1 H NMR (400 MHz): δ = 0.6 (s, 3H, Si-Me), 1.2-2.2 (m, 28H, 9-BBN), 6.7-7.2, 7.5 (m, m, 15H, Ph), 7.4 (s, 2H, =CH).
9b: 1 H NMR (C 6 D 6 ): δ = 1.2-2.1 (m, 28H, 9-BBN), 6.8-7.3, 7.6, 8.2 (m, m, m, 22H, Si-Ph, Ph, =CH).
2.3.
The mixture containing silanes 5b and 8b was heated at 80-100°C in an NMR tube for 2-4 h in C 6 D 6 . The reaction was monitored by 29 Si NMR spectroscopy to show the presence of 10b and 13b. They could be distinguished by their characteristic NMR data. The same experimental procedure was followed for the formation of 1-silacyclobutene derivatives 11b,c, 12b and 14b. A slight variation in the reaction time was observed, rearrangement of silanes 6, 7 and 9 took 24 h to afford heterocycles 11, 12 and 14, respectively. 
Results and Discussion
Trialkyn-1-ylsilanes were prepared following the reported synthetic procedure. They were purified and structurally characterized using modern analytical techniques (NMR and X-ray structural analysis) [18] . These silanes are useful synthons for further transformations, and they can be converted into alkenylsilanes (5, 6, 8, 9) and various 1-substituted 1-silacyclobutene derivatives (10, 11, 13, 14) . The trihexyn-1-yl(methyl)silane 1a was treated with 9-BBN in 1:1 molar ratio. The reaction proceeded selectively at room temperature and afforded a mixture of products 5a and 8a (Scheme 2). These silanes were accompanied by some rearranged products (respective 1-silacyclobutene derivatives, vide infra) at the same temperature. Owing to more than two fractions in the mixture it was not easy to assign correctly all signals in the NMR spectra ( 13 C and 1 H). The 29 Si NMR spectroscopy proved to be a powerful technique for proposing the structures of various intermediates and final products (Figs. 1, 2) . All the related compounds e.g. 5b, 8b and 1-silacyclobutenes derivatives, 10b,13b possess characteristic 29 Si chemical shifts and they could readily be identified in the mixtures. The same reaction was carried out for silane 2 with one equivalent of 9-BBN. It was observed that the 1,2-hydroboration takes place less readily when compared with silane 1. Thus, silane derivatives 6a-c were formed in almost quantitative yield (≈ 95%) along with a very small amount of 9b,c (≈ 5%). The 29 Si NMR did not show even traces of 1-silacyclobutenes at this stage of the reaction. The
Scheme 2. Reaction of trialkyn-1-ylsilanes with 9-BBN as hydroborating reagent. Table 1 . 11 B, 13 C and 29 Si NMR data [a] of alkenyl(dialkyn-1-yl)silanes 5 -9. [a] Measured in C 6 D 6 , coupling constants J( 13 C, 29 Si) [± 0.4 Hz] are given in square brackets, superscript 'br' denotes a broad 13 C resonance signal [29, 30] . [b] other 13 C data: δ [J( 29 Si, 13 C)] = 2. 9 [60.6, 34.4, 31.1 br , 35.1, 31.1, 23.0, 30.7, 22.2, 20.0, . [c] other 13 C data: δ [J( 29 Si, 13 C)] = 2.0 [63.0, 35.1, 31.8 br , , Ph carbons without assignment. [d] other 13 C data: δ = 34.5, 31.6 br , , Bu carbons without assignment; [e] other 13 C data: δ = 34.6, 31.8 br , 139.7 [4.8, i], 135.8 [83.2, i], 135.3, 132.4, 129.0, 128.5, 128.4, 128.1 (Ph, 132.5, 128.3, 130.6 (i, o, m, p, .
[f] other 13 C data: δ = 34. 7, 31.8 br , 21.3, 21.3 (Me, Me, ) other carbons are not assigned, other NMR data not assigned. [h] other 13 C data: δ = 3.3 (Si-Me), 34.4, 31.4 br , 35.5, 31.9, 23.1, 30.9, 22.2, 19.8, . [i] other 13 C data. δ [J( 29 Si, 13 C)]= 4. 2 [56.8, 34.8, 31.9 br , . [j] other 13 C data: δ = 34. 7, 32.0 br , .
product distribution in the mixture depends upon various factors, e.g. reaction temperature and nature of the groups R and R 1 . It was concluded that the Si-Ph group reduces the reactivity, hence, allowing for quantitative hydroboration of only one Si-C≡C-bond in the presence of one equivalent of 9-BBN. The same was true for reaction of silane 2 with two equivalents of 9-BBN. Alkenyl silane 3b and its analogues are useful synthons for further transformations [9, 20] . The chlorosilane 3b was treated with Li-C≡C-t Bu at -78°C according to literature procedure. The reaction mixture contained alkyn-1-ylsilane 7b precursor of 12b and some unidentified side products (Scheme 3). Again 29 Si NMR was fruitful in the identification of various fractions (Fig. 2) . Although the chlororsilane, 4b was not detected but can be proposed as an immediate precursor of 7b, Scheme 3. In the reaction mixture there were no indications of borate-like intermediates ( 11 B NMR) [9].
1-Silacyclobutene derivatives
The alkenyldi(alkyn-1-yl)silanes 5-7 and dialkenyl(alkyn-1-yl)silanes 8,9 were heated at 80 -120°C for several hours (Experimental section) in an NMR tube. The progress of the reaction was constantly monitored by 29 Si NMR. The intramolecular 1,1-vinylboration leads to 1-(alkyn-1-yl)-1-silacyclobutenes 10-12 and 1-(alkenyl)-1-silacyclobutenes 13,14. In the case of C≡C-n Bu group, the 1,1-vinylboration was extremely slow even at elevated temperature and therefore, no data was collected. Moreover the silanes were stable at that temperature and they did not show marked decomposition as has been reported for R = SiMe 3 and R 1 = Me groups [12] . No reaction with threefold 1,2hydroboration was observed. The 1-silacyclobutene heterocycles achieved in these reactions are oily liquids and could readily be identified from their characteristic NMR data ( 11 B, 13 C, 1 H and 29 Si).
NMR spectroscopic studies
The NMR spectroscopic data ( 11 B, 13 C and 29 Si) for silanes 5 -9 are listed in Table 1 and the respective 1 H NMR data are collected in the Experimental section. The NMR data set is consistent with the proposed structures and the data show close resemblance to the reported alkynylsilane derivatives [11, [26] [27] [28] . Structural assignments were readily based on coupling constants J( 29 Si, 13 C) especially for the Si-C≡C-unit and the broad 13 C (BC=) NMR signal [29, 30] J( 29 Si, 13 C) in 13 C NMR spectra could be confirmed by observing 13 C satellite signals in the respective 29 Si NMR spectra. The 29 Si NMR is the only access to the coupling constant value 1 J( 29 Si, 13 C(B)) as can be seen in Figs. 1 and 2 . In the mixtures, it can be deduced that all compounds possess distinct 29 Si chemical shifts and the reaction mechanism and various intermediates could be proposed (Fig. 1) . These facts make the mechanism of the reaction well understandable, the data listed in Table 1 are quite sufficient for structural elucidation of the title compounds in solution state.
The NMR data ( 11 B, 13 C and 29 Si) of 1-silacyclobutene derivatives are listed in Table 2 . The NMR data set is consistent with the proposed structures. The 29 Si NMR spectroscopy serves as the main tool for assignments. The data obtained mainly for the four-membered ring (1-silacyclobutene) are well comparable with that of 1-silycyclobutenes [9] and analogous spirosilane derivatives [13] . In 13 C NMR spectra, the substituents on the silicon atom Si-(B)C=C and Si-C≡C-can be readily assigned, based on 29 Si satellites for the 13 C(Si-C≡C) signals, whereas a sharp 13 C(=CH) and a broad 13 C(B-C=) signal [29, 30] at high frequency are characteristic of the exocyclic Si-C(B)=C group. Other NMR data are within the expected range.
Conclusions
The process of 1,2-hydroboration and 1,1-organoboration can be applied separately to the synthesis of a large number of organometallic compounds. The reaction in which 1,2-hydroboration is followed by 1,1-vinylboration have proved to be a facile route for the synthesis of 1-silacyclobutene derivatives. Here, further new examples can be contributed to this class of silicon heterocycles. The synthetic route is preferred over other methods [1] [2] [3] [4] [5] [6] [7] owing to its simplicity and efficiency. The variety of functional groups on silicon atom is of prime importance. The groups considered in this study such as Si-C≡C and Si-C(B)=C can be used for further reactions. Table 2 . 11 B, 13 C and 29 Si NMR data [a] for 1-silacyclobutene derivatives 10 -14.
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